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Abstract

This document reports the certif ication test of  Cavern Bryan
Mound 104 conducted between September 19 and November 9, 1984. The
test included pressurization with oil  to near maximum test gradient,
depressuring to maximum operating gradient, and doing nitrogen leak
tests  o f  the  three  cavern  entry  wel ls . Test  resul ts  indicate
ni trogen loss  rates  f rom the  wel ls  o f  35  bbl/yr f rom 104A. 19 bbl/yr
from 104B. and 0 bbl/yr from 104C. These nitrogen loss rates can
reasonably be assumed to correspond to a total  cavern oil  loss rate
o f  5 . 4  bbl/yr, which is well  within the DOE acceptance criterion of
100 bbl/yr o f  o i l  per  cavern . The final phase of  the nitrogen leak
test was observed by a representative of  the Texas Railroad
Commission.
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Regulations of the State of Texas Railroad Commission and

the State of Louisiana Department of Conservation require

inspect ions  or  tests  to  ver i fy  the  mechanica l  integr i ty  o f

wells into underground hydrocarbon storage caverns at least

every  f ive  years . The Department of Energy (DOE) is vitally

concerned with the integrity of  not only the entry wells but

with the entirety of  all  Strategic Petroleum Reserve (SPR)
caverns in salt  domes because of  the potential  for

environmental damage and loss of a valuable resource. A plan

(Ref. 1)  was developed to meet the requirements of  regulations

of  the two states and to provide a reasonable assurance of  the

integr i ty  o f  SPR caverns ,  inc luding  entry  wel ls . This plan

includes (1) cavern pressurization to maximum test pressure and

shut  in  to  observe  wellhead pressures  for  at  least  1  day ;  (2 )
cavern depressurization to maximum operating pressure and shut

in  to  observe  wellhead pressure  for  at  least  2  days ,  and (3 )

n i trogen leak  tests  o f  the  cavern  entry  wel ls . The pressure

t i m e  h i s t o r i e s  o f  ( 1 )  a n d  (2), while providing no quantitative

i n d i c a t i o n  o f  c a v e r n  f l u i d  l o s s  r a t e , do  provide  a  bas is  for

comparison with other caverns having no known loss rates of

s i g n i f i c a n c e . The well  nitrogen leak tests (3)  do provide an

indicat ion  o f  f lu id  loss  rates  f rom the  wel ls  with  an adequate
reso lut ion  re lat ive  to  the  SPR o i l  l oss  rate  goal  o f  no  more

than 100 bbl/yr per cavern. Wells are generally expected to be

the only source of  cavern leaks because they are the only parts

of  caverns where integrity does not depend on the integrity of

domal salt .

A test of the DOE/SPR oil storage cavern Bryan Mound 104

according  to  deta i led  procedures  o f  Ref . 2,  which are generally

in accord with the plan of  Ref.  1,  was carried out between

September 19 and November 9. 1984, by POSSI/Sandia. Maximum
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test pressure and maximum operating pressure respectively,
corresponded to pressure gradients of 0.82 and 0.76 psi/ft to
the shallowest casing seat. During the nitrogen well leak test
at maximum operating pressure, the annuli of the 3 wells
entering the cavern were filled with nitrogen to depths of 2050
feet , about 50 feet below the casing seats. The wellhead
pressures and nitrogen-oil interface depths were monitored over
a 23 day period to determine loss rates of nitrogen from the
wells. The first 9 days of this period comprised a test to
determine if there were problems with the procedures which
should be corrected before performing an “official” test. When
no such problems were noted, the Texas Railroad Commission was
given 5 days notice that a nitrogen well leak test would be
made.

A seven day test was then made with Mike Sanchez of the
Texas Railroad Commission on site to witness logging of initial
and final nitrogen-oil interface depths.

This report describes the test in detail and includes a
documentation and analysis of test results.

CAVERN DESCRIPTION
Cavern Bryan Mound 104 has a volume of 11.6 x lo6 bbls.

It extends from depths of 2085 to 4180 feet below the
Bradenhead flange, which is located near ground surface. Top
of salt is more than 800 feet above the cavern roof.

Three wells cased with 13-3/8  inch casing enter the
cavern. The wells were drilled between April and August 1979
(Ref. 3, 4, and 5) and initial leak tests of the wells were
made between December 1979 and February 1980 (Ref. 6). Current
configurations of the wells are as follow:



Well
104A

104B

104c
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Depth Below

Bradenhead Flange
Casinq (feet)

Final cemented; 13-3/e; 54.5 lb/ft, K-55 to - 1629
6 1  lb/ft, K - 5 5  t o  - 1987

Suspended; lo-3/4, 51 lb/ft, K-55 to - 3 1 0 3

Final cemented; 13-3/8; 54.5 lb/ft, K-55 to - 1629
61 lb/ft, K-55 to - 2 0 1 0

Suspended; lo-3/4,  51 lb/ft, K-55 to - 4 1 6 8

Final cemented: 13-3/8: 54.5 lb/ft, K-55 to - 1664

6 2  lb/ft, K-55 to  - 1992
Suspended; 8-5/8. 32 lb/ft, K-55 to - 4 1 7 3

Cavern leaching was completed in March 1983 and the oil
fill was completed in October 1983. Approximately 11.3 x lo6
bbl of oil are currently stored in the caveEn and the oil-brine
interface depth was measured at 4054 to 4061 feet in the three
wells during this test.

Pressure
INSTRUMENTATION

Wellhead pressures in the annulus and in the suspended
casing of each of the 3 wells were measured by use of a Sperry
Sun “MI . Six” pressure recording system. A separate strain
gage pressure probe at each pressure measuring point was
connected to the Mr. Six unit. The Mr. Six unit sequentially
digitized and recorded on paper tape the wellhead pressure and
probe temperature for each individual probe at pre-selected
time intervals. The Mr. Six unit also provided a digital input
to a data recording system provided by Sandia, which consisted
of a Hewlett Packard 9915 computer which sorted and stored data
provided by Mr. Six onto a magnetic tape cassette.
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Pressure data stored on the tape cassette were processed with a
Hewlett Packard 85 computer.

In addition to the above described pressure recording
system, commercial  dial  type pressure gages were installed on
the annulus and suspended casing of each wellhead. Pressures

from these gages were recorded during the test but are not
reported herein.

Flow

During  in i t ia l  pressur izat ion  o f  the  cavern by  o i l

i n j e c t i o n , oil volume injected was measured using an 8-inch

Daniels turbine f lowmeter located downstream of the site

blanket oil pumps. Volume injected was recorded simultaneously

with  cavern  pressure  in  order  to  de f ine  the  o i l - f i l l ed  cavern
e l a s t i c i t y .

Nitrogen Weight

In  preparat ion  for  n i trogen wel l  l eak  tests ,  n i trogen

injected into the well  annuli was weighed by use of  a weighing

system developed and operated by Waukesha Pearce. The system

includes a l iquid nitrogen fi l led tank suspended from an

overhead frame by use of  a load cell . Liquid nitrogen flows

from the tank through flexible hoses to a vaporizer and then a

h e a t e r  b e f o r e  i t  i s  i n j e c t e d  i n t o  t h e  w e l l .

During  n i trogen in ject ion  into  the  lower  cased  part  o f  the
well  and the open hole below the casing seat,  weight of

nitrogen injected is  recorded simultaneously with pressure and

n i t r o g e n - o i l  i n t e r f a c e  d e p t h . Data are recorded at depth

intervals as small  as 10 feet in the cased part of  the well  and

at  depth  intervals  o f  about  5  feet  in  the  open ho le .

The purpose of the nitrogen weight measurements is to
indicate annulus volume below the casing seat so that measured

interface movements during the test can be related to changes
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of nitrogen volume. Weight measurements in the cased parts of
the wells where volumes are known, are used to establish a
calibration factor for the weighing system. It has been
determined previously that volumes calculated for the cased
portion of wells from nitrogen weight measurements deviate
significantly from known volumes. It is suspected that
nitrogen tank weights indicated by the load cell are affected
by the flow of liquid nitrogen through the flexible lines from
the tank to the vaporizer, and possibly other factors.

Interface Death
Nitrogen-oil interface depths in the annuli were measured

by Microgage using their standard wire line equipment including
a standard density logging tool with a double strength neutron
source.

During the nitrogen test it was discovered that nitrogen
was leaking from the annulus  of well 104B into the suspended
lo-3/4 inch string. In order to determine the net loss of
nitrogen from the well, it was necessary to determine the
amount of nitrogen accumulated in the hanging string during the
test period. This was accomplished by use of a measuring
system developed by Sandia, which is shown schematically in
Fig. 1. The high pressure tank was filled with water and the
top of the tank was connected to the suspended string at the
wellhead. Water was bled from the bottom of the tank into an
open holding tank. The wat@r  bled from the bottom of the tank
was replaced by nitrogen from the suspended string entering the
top of the tank. Nitrogen from the well passed through a sight
gage before it entered the tank so that the arrival of liquid,
and consequently, the end of gas, could be observed. The high
pressure tank was equipped with a volume calibrated sight glass
for determining gas volume bled from the well.
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TEST DESCRIPTION

Cavern Pressurization with Oil
The cavern was initially pressurized from near atmospheric

wellhead oil pressure to 820 psig during the period September
19-21, 1984. Oil was used instead of brine for pressurization,
because of problems with brine surface piping to the pad, and
was injected into the annulus  of well 104C. It was injected by
use of one of the blanket oil pumps with a Daniels turbine flow
meter permanently installed in downstream piping. Init ial
pressurization was limited to 820 psig (a test gradient of 0.78
psi/ft).

After the cavern was pressurized, an oil leak was found at
the wellhead of well 104A and brine leaks were found at the
wellheads of wells 104B and 104C. Repair of the oil leak
required cavern depressurization to atmospheric wellhead oil
pressure. Cavern depressurization was started on September
22. Measured cavern wellhead pressures starting September 22
are shown in Figs. 2a and 2b.

Wellhead leaks were repaired and cavern pressurization was
started a second time on September 25. The initial portion of
this second cavern pressurization to about 320 psig was
accomplished by connecting oil lines from caverns 102 and 103
to cavern 104, and allowing oil to flow into cavern 104 until
the oil pressures in the three caverns equalized.
Pressurization was continued to a wellhead oil pressure of
about 780 psig using the site oil injection pumps with only a
fraction of their discharge going into cavern 104.
Pressurization was then continued by use of the blanket oil

pump. A pressure of 860 psig (maximum test pressure) was
reached at 2400 hours on September 27 and the cavern was shut
in. Wellhead pressures during this second cavern
pressurization are shown from 80 to 144 hours on Figs. 2a and
2b.
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Following this pressurization, the caveKn was shut in for 2

days. Cavern pressure was then reduced to a wellhead oil
pressure of 770 psig (maximum operating pressure) for an
additional two days. Wellhead pressures during these two shut
in periods are shown from 144 to 255 hours on Figs. 2a and 2b.

On October 2, after wellhead oil pressure had been at 770
psig for about 2 days, an oil leak was discovered around the
stem of a 6 inch gate valve on well 104A. While the oil leak
was small enough to be of minor importance, it was felt that
the nitrogen leak at this point at considerably higher
pressures during a later part of the test could be quite
important. The cavern pressure was again reduced to zero
wellhead oil pressure to make a repair. This depressurization
was begun at 15:45 on October 2 (256 hOUKS on Figs. 2a and 2b).

Repressurization and NitKOqen Injection
Following repair of the oil leak around the valve stem on

well 104A, the cavern was Kepressured to maximum operating
pressure OCtObeK 10 by bleeding oil from CaveKns 102 and 103
and then using a fraction of the flow from the site oil
injection pumps. Nitrogen was then injected into the annuli of
each of the three caveKn 104 wells, starting on October 15, to
a depth of 2050 feet. Wellhead pressures during this
repressurization, nitrogen injection, and a subsequent
stabilization period are shown in Fig. 3.

NitKOgen was injected into well 104A until the wellhead
nitrogen pressure reached 1265 psig at 159 hours. During this
injection it had not been possible to locate the nitrogen-oil
interface with the interface logging tool due to tool
malfunction. Since interface depth together with weight of
nitrogen injected is required for defining hole volume,
nitrogen injection was stopped until another logging tool could
be obtained. Nitrogen remaining in the weighing tank was
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i n j e c t e d  i n t o  t h e  annulus o f  w e l l  104C t o  a c h i e v e  a  wellhead

pressure of  1160 psig without attempting an interface
measurement.

At 180 hours, n i trogen was  in jected  into  the  annulus o f

well  104B until  the wellhead pressure increased to 1238 psig

with no attempt at interface measurements. I n j e c t i o n  i n t o  w e l l

104A was started again at 185 hours with the Microgage TIP

(Temperature- Inter face -Pressure)  logg ing  too l  in  the  wel l  for
interface measurements. This tool  also malfunctioned and

nitrogen injection was again stopped. Subsequent ly ,  inter face

depths  were  sat is factor i ly  located  us ing  a  s tandard  inter face

logging tool  with a double strength neutron source. Nitrogen

weight measurements together with interface depths were
obtained whi le  set t ing  inter face  depths  o f  2050 feet  in  wel ls

104A. 104C. and 104B, at times between 202 and 228 hours.

Final wellhead nitrogen pressures were 1405 psig.
Pressures in the suspended strings of  the three wells  are

also shown in Fig.  3. In  wel l  104A. the  bot tom o f  the

suspended str ing  i s  wel l  above  the  o i l  br ine  inter face . The

s t r i n g  i s  t h e r e f o r e  o i l  f i l l e d  a n d  t h e  wellhead p r e s s u r e  i s  a n

o i l  .pressure. The suspended strings of wells 104B and 104C are

brine fi l led and wellhead pressures measured are brine

pressures. The brine pressure in well  104B was significantly

higher than that in well  104C and the difference increased with

time. This was due to nitrogen leaking from the annulus into

the suspended string of  well  104B. At 224 to 228 hours, the

nitrogen cap was bled from well 104B and this reduced the brine

pressure about 30 psi .

Nitrogen weight measurements were obtained at frequent

interface depths in the lower cased portions of  the well  and at

about  5  foot  intervals  be low the  cased  port ions  o f  the  wel ls .

The purpose of the weight measurements was to allow calculation

of incremental volumes in the open holes so that interface
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movements could be related to nitrogen volume ChangQ during the
test . The calculation procedure used is described in Appendix
A.

Nitrogen Leak Tests
The time during which the cavern was shut in with the three

well annuli  filled with nitrogen to depths of about 2050 feet
covered about 23 days broken down approximately as follows; (1)
2 days for the nitrogen temperature to stabilize before
measuring reference nitrogen-oil interface depths: (2) 7 days
for the first test period; (3) 6 days waiting time after giving
the Texas Railroad Commission notification that a test would be
made; (4) a second 7 day test period with a representative of
the Texas Railroad Commission on site to observe initial and
final interface depth measurements. Wellhead annulus and
string pressures measured during the entire shut in period,
starting before the end of the data of Fig. 3 are presented in
Fig. 4.

Cavern Elasticity
TEST RESULTS

The pressure/volume/time data obtained during the initial
pressurization ase presented in Figs. 5a to 5c. Fig. 5a is a
graph of wellhead oil pressure in the annulus of well 104A
versus time and indicates a mean pressurization rate determined
from a linear regression of 13.4 psi/hr. Fig. 5b is a graph of
injected oil volume versus time and indicates a mean injection
rate determined from a linear regression of 846 bbl/hr. Fig.
5c is a graph of injected oil volume versus wellhead oil
pressure and indicates a total cavern elasticity of 64.3
bbl/psi. For an assumed 11.3 x lo6 bbl of oil in the cavern
with an elasticity of 4.5 x 10e6 bbl/bbl-psi and an assumed
0.3 x lo6 bbl of brine in the cavern with an elasticity of



- 11 -

2.25 x 10 - 6 b b l / b b l - p s i , t h e  e l a s t i c i t y  o f  c a v e r n  f l u i d s

would be 51.5 bbl/psi. This  indicates  12 .8  bbl/psi is  due  to

s a l t  e l a s t i c i t y .

Cavern Shut In at Maximum Test Pressure

Cavern pressures during shut in at maximum test pressure

are shown on expanded scale plots of  Fig.  6. Linear

regress ions  o f  these  data  indicate  pressure  decay  rates  o f  1 .3

t o  3 . 5  p s i / d a y . Deviat ions  o f  the  data  f rom l inear  var iat ions

with time generally indicate the decay rates are decreasing

sl ight ly  with  t ime, a trend generally expected following cavern

pressur izat ion .

Cavern Shut In at Maximum Operatinu Pressure

Cavern pressures during shut in at maximum operating

pressure following depressurization from maximum test pressure

are shown on expanded scale plots of  Fig.  7. Linear

regress ions  o f  these  data  indicate  pressure  increase  rates  o f

0 . 1  t o  2 . 6  p s i / d a y . Deviations of  the data from linear

var iat ions  with  t ime general ly  indicate  the  pressure  increase

rates  are  decreas ing  s l ight ly  with  t ime,  a  trend general ly

expected following cavern depressurization and shut in.

Borehole Caliper from Measurements Durinu Nitrosen Injection

Calculated  n i trogen co lumn cross -sect ional  areas  for  wel ls

104A, 104B, and 104C are shown on the graphs of  Figs.  8,  9,  and

1 0 ,  r e s p e c t i v e l y . Included in the figures are measured values

o f  inter face  depth , wellhead nitrogen pressure,  and incremental

weights  o f  n i trogen in jected  between inter face  depths .

Two graphs are presented on each of Figs. 8 to 10. The top

graphs show calculated nitrogen column cross-sectional areas in

the cased parts of the wells and the lower graphs show

calculated  cross -sect ional  areas  in  the  open ho les  be low the
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casing seats. The gross calculated cross-sectional area in the
cased part of the wells, upper graphs, is equal to that of the
annulus between the last cemented casing and the suspended
string. This correct value of gross calculated area was forced
by adjusting the scale factor for the nitrogen weighing system
to values between 0.90 and 1.00. The readings from the weight
measuring technique are subject to a scaling influence due to
nitrogen flow, and it is reasoned that if such a scaling is
present during injection into the cased part of the well, it is
almost certainly present in the open hole.

The cross-sectional areas in the open holes, lower graphs
of Figs. 8 to 10, indicate considerable variation with depth in
each well, and there are important differences between the
three wells. Random variations with depth in each well, while
quite sizable, are expected in that a one foot error in
interface depth, when measurements are at five foot intervals,
would result in a 20 percent error in a calculated
cross-sectional area. The faired curves of cross-sectional
area are used for calculating nitrogen volume change with
interface depth change.

Nitrogen Leak Tests
With the exception of the suspended string of well 104B,

all measurements indicated a continuous increase in cavern
pressure at a rate of 0.041+0.012  psi/hr. during the entire
period, Fig. 4. The pressure in the suspended string of well
1048 increased at a more rapid rate due to leakage of nitrogen
from the annulus into the suspended string. This leakage into
the suspended string, although lost from the annulus,  was not
lost from the well. To properly account for nitrogen initially
injected into the annulus, it was necessary to measure the
nitrogen accumulated in the string during the test periods.
All nitrogen was bled from the string at the beginning of the
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first 7 day test period and was then bled and measured at the
end of  the period; s imi lar ly  for  the  second 7  day  test  per iod .

Results of accumulated nitrogen volume measurements at the end

of  the  two  test  per iods  are  in  Table  I . The nitrogen volumes

were then adjusted to volumes at the initial  average pressure

of  n i trogen in  the  annulus, and corresponding annual

accumulation rates were calculated.

Results of  oi l -nitrogen interface depth measurements are
summarized in Table II. Also  inc luded in  Table  I I  are

ca lculated  n i trogen vo lume loss  rates . Nitrogen volume loss

rates are calculated by use of  the following equation which was

der ived in  Ref .  2  as  Eq.  (4 ) .

“id volume lost , measured  at  in i t ia l  n i trogen densi ty

in  wel l

vO in i t ia l  tota l  vo lume o f  n i trogen in  wel l

pO i n i t i a l  n i t r o g e n  p r e s s u r e  a t  wellhead

L\P change in wellhead pressure during test  period

dV change in nitrogen volume during test period

Over lays  o f  sequent ia l  inter face  logs  were  used  to

determine interface movement during the test periods. In these

over lays , the density signals on the logs corresponding to the

casing seats were aligned. This  technique  should  s l ight ly

improve the accuracy of interface movement determined from the

logs. and the  resul ts  are  inc luded in  Table  I I . The changes in

nitrogen volume during the test periods are equal to the
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products of interface movements thus determined and borehole
volume per foot at the interface depth indicated by Figures 8
to 10.

The nitrogen loss rates calculated are included in Table II
and vary from -31 to  +101 bbls/yr. The negative loss rates
calculated are, of course, not possible, and are believed to
result from inaccurate measurements, particularly those of
interface depth. For example, a one foot eELor in interface
depth movement during a one week period, which is less than the
expected accuracy, would correspond to an error in loss rate of
67 bbl/yr for well 104A. 33 bbl/yr for well i04B. and 26 bbl/yr
for well 104C.

It is believed that the best estimates of nitrogen loss
rates for the complete test, based on the test measurements are
35 bbl/yr for well 104A. 19 bbl/yr for well 104B and 0 bbl/yr
for well 104C. These estimates are based on results for the
entire 20-21 days after nitrogen temperature stabilization,
rather than the individual 6 to 7 day test periods. It has
been proposed in Ref. 7 that it is reasonable to assume a value
of 10 for the ratio of volumetric nitrogen to oil leak rates.
With this assumption, the measured nitrogen loss rates
correspond to a total cavern-oil loss rate of 5.4 bbl/yr.

CONCLUSIONS
The test results  indicate no reason to question the

integrity of cavern Bryan Mound 104. During shut in following
pressurization to maximum test pressure, cavern pressures
decreased slightly with time, but at a rate decreasing with
time. This behavior is typically observed in caverns with no
known significant leaks. During shut in following
depressurization  from maximum test pressure to maximum
operating pressure, cavern pressures increased slightly with
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time, but at a rate decreasing with time. This  behavior  i s

also typically observed in caverns with no known significant

leaks.
Nitrogen leak tests were made of  the three wells  entering

the cavern to depths below the last cemented casing,  the parts

of the cavern from which leaks are most likely to OCCUL. The
best  est imate  o f  wel l  l eak  rates  f rom these  tests  are  0 ,  19 ,

and 35 bbl/yr of nitrogen from wells 104C, 104B and 104A

r e s p e c t i v e l y . These nitrogen leak rates can be reasonably

assumed to  correspond to  a  to ta l  cavern  o i l  l oss  rate  o f  5 .4

bbl/yr , and are thus insignificant in comparison to the DOE

c r i t e r i o n  o f  1 0 0  bbl/yt o f  o i l  f o r  a  c a v e r n .
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Table I. Measurements of Nitrogen Accumulated

in the Suspended String of Well 104B

Accumulation between lo/20 and lo/27 (7.128 days, Table II.)

Pressure Volume (bbls)
Date at Which at Initial
of Volume Average Total

Measure- Volume Measured- Column Volume
ment Time bbls PSIG Pressure of: bbls

(1470 PSIA)

10-26-84 13:45 1.071 174.3 1377
14:35 1.076 169.6 : 1349
15:25 1.071 164.7 1307
16:03 1.071 160.0 :1273
16:57 1.071 154.8 . 1235
17:40 1.076 151.3 . 1215
18:lO .424 151.4 .0479

10-27-84 13:15 643 153.4 .0735
14:lO :171 152.6 .0195

. 9165
Rate 47 bbls/yr

Accumulation between 11/2 and 11/9 (6.972 days, Table II.)

(1482 PSIA)

11-8-84 13:21 1.071 172.4 1363
14:oo 1.083 167.2 :1340
15:lO 1.071 164.8 . 1308
15:30 .286 164.6 .0349

11-9-84 11:53 .690 165.9 .0848
. 5208

Rate 27 bbls/yr
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APPENDIX A.

CALCULATION OF OPEN HOLE VOLUMES

FROM MEASURED

WEIGHTS OF NITROGEN INJECTED
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Appendix A.

Calculation of Open Hole Volumes from Measured Weights
of Nitrogen Injected

In columns of fluids, the pressures at depth are dependent
on the pressure at the top of the column and the weight of
fluid from the top to the depth of interest. Although column
weights for gases are generally not large compared to liquids,
they are significant when column heights aLe 2000 feet of more,
as in many SPR wells. An approximation for the pressure at
depth in a column of gas is defined as follows:

P = P, ky (AlI

where
1

ZEZT 1
P absolute pressure at depth, psfa

pS
absolute pressure at top of column, psfa

Y depth in column at which pressure is defined, ft
R gas constant 55.159 ft/OR for nitrogen
T temperature of gas in column, OR, assumed constant

over height of column
z compressibility of gas in column, assumed constant

over height of column
The compressibility of nitrogen is a function of both

pressure and temperature and is calculated for the assumed
average nitrogen temperature and the approximate average
nitrogen pressure in the column. At 100 atmospheres pressure
and lOOoF temperature, which approximate conditions of the
subject test, the value of compressibility, Z, equals 1.014 and
the value of k in Eq. (Al) is 1.00003195.
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The equation of state for a gas defines the following

relation.

where
w weight, lbs
P pressure, psf a
V volume, ft3

In a gas column with ZBT assumed constant, eq. (AZ) leads to:

dW = PdV
ZRT

Letting A equal the local cross-sectional area of the gas
column in the well at depth, y:

dV = Ady (A4)

Combining Eqs. (Al), (A3) and (A4) yields

dW = ‘sky A dy
ZBT

Integration of Eq. (A5) from the surface to any depth, y, in
the nitrogen column yields the weight of nitrogen to that
depth;

/
Y Y

w = AkYdy
0

(A3)

(A5 1

(A61

Typically nitrogen weight measurements for use in borehole size
calculations are begun in the lower cased part of the well.
Cross-sectional area of the nitrogen column from the surface to
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the depth for beginning the calculations, yl, is a known
constant, Al, equal to the area between the inside surface of
the cemented casing and the outside surface of the suspended
string. Integration of Eq. (A6) from the top of the nitrogen

column to depth yl using a constant nitrogen column
cross-sectional atea of Al yields

wl,l = &; )l Al [“::‘;,‘3

where

(A7)

wl,l indicate6 weight to the first interface depth
(first subscript) at the time of the first
interface measurement (second subscript)

As nitrogen is added to move the interface depth to the second
value, y2 and the surface pressure is increased to Ps
the weight in the column to the 1st interface depth i;

2,

increased to

w1,2 = ( T& ), Al [k2::-J
(A81

At the time of the second interface measurement, the weight of
nitrogen in the column between the first and second interface
depths is, from Eq. (A5);

k2
y2

A2 (y2 - Y,)
+ k y1

w1-2, 2 =
2 1 (A9 1

2
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The total weight of nitrogen in the column at the time of
the second interface depth is the sum of Eqs. (A8) and (A9).

w2.2 =
ps

( )ZRT2 A1 [“::‘k; ‘1

*2
+ A2(y2 - Y,) k2

+ k *1
2

2 II

(A101

At subsequent interface depths, the total weight in the column
i s

‘n, n = (&)n IAl [  “;‘.‘,~ ‘1

i=n

c
knYi + *i-l

+ Ai (Yi - *i-l)
k,

II
(All)

i -2 2

Similarly, with m = n - 1

wm, m = (&)m/Al[km::  ;ml]

i=m . *i-l
+ c Ai(Yi - *i-l,)

I

km*’ + km

i -2 2 1 (A12  1
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The weight of nitrogen added t.o move the interface from depth
Y, to depth Y, is the difference between (All) and (A12).

AWm-n p ‘n n - ‘rn m (A131I I

With n = 2 and the measured weight, AWls2, Eq. (13) can be
solved for AZ! the average cross-sectional area between
interface depths yl and y2. Subsequently, with n = 3, the
measured weight, AW2-3, and the above calculated value of
AZ, W. (A131 can be solved for A3, etc.

The above described procedure is used to calculate nitrogen
column cross-sections from the first to last measured interface
depths. The first several cross-sections calculated are in the
cased part of the well, where the column cross-sectional area
is constant and known (assuming no effect of collars on the
suspended string). It has been found in many cases that areas
calculated in the cased part:.of the well deviate significantly
from known cross-sectional areas. Since there is a probability
of some scaling error in the measured weights, a scale factor
was determined by an iterative process that resulted in the
average calculated cross-sectional area in the cased part of
the well being equal to the known value. This scale factor
should also be applicable to measurements in the open hole and
should therefore result in the most reasonable values of
calculated borehole  cross-section below the casing seat.
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